Abstract: Electronic speckle pattern interferometry and digital holography are two representative full-field coherent optical techniques used in mechanical vibration measurement. The simplest and most well-known metod is, in both techniques, the time-average method. In time-average digital holography, as in time-average speckle interferometry, the quantitative data processing is affected by several difficulties. Among them, the most important are the weak contrast of Bessel-type fringes and the speckle noise. Fundamentally, the greatest obstacle in achieving a complete amplitude field estimation comes from the two orthogonal components of time-averaged digital holograms or speckle interferograms, corrupted by multiplicative, high-frequency phase noise covering the deterministic vibration-related phase. Several earlier papers presented partial solutions to these problems, sometimes with confusing or misleading explanations; in the present contribution, the author presents in a single, unifying approach, these methods which are basically identical in speckle interferometry and digital holography. In both techniques, an important reduction of multiplicative high-frequency phase noise allows obtaining fringe-averaged patterns whose intensity noise is much lower than in classical time-average holography. The analysis allows choosing the most appropriate method leading not only to a higher fringe pattern quality, lower noise and extended measurement range, but also to a method of complete vibration-related phase estimation, which may include in some stages subpixel precision. The method is equivalent to phase unwrapping, but it only uses time-averaged fringe patterns.
INTRODUCTION
Full-field, non-contact measurement of mechanical vibrations by interferometric techniques, first described by [1] for the "classical" holographic interferometry, is now widely spread and well-established in industry and research. Speckle interferometry [2, 3] is the most widely known interferometric technique. The simplest method used in vibration measurement is the time-averaged speckle interferometry.
There are several other techniques based on more or less different principles which are claiming similar performances. Most widely known are the near-field acoustic holography and the laser Doppler vibrometry.
Each of these techniques is excellent in a different direction; as such, they are complementary to each other. Acoustic holography is basically a technique providing excellency in the measurement of acoustic pressures and velocities. Laser Doppler vibrometry is a pointwise interferometric vibration velocity measurement, with sweeping capabilities. Both techniques offer a very high temporal data acquisition rate but much lower spatial resolution. The high temporal resolution allows recording time histories for dynamic phenomena other than steady-state vibrations, and these data may be processed in the Fourier domain.
Speckle interferometry has an excellent spatial resolution but generally lacks temporal resolution. This high spatial resolution allows obtaining full-field vibration amplitude-related fringe patterns, which should be used to produce estimates of the full-field of vibration amplitudes. This process is made difficult, however, by several metrological characteristics of the time-averaged method and by the speckle noise.
Finally, digital holography has several characteristics common to all previously mentioned techniques. It is a technique whose applications are still limited by the number and dimensions of the camera pixels and by the computer power only to small objects. Both limits are, however, less and less important because of progress in cameras and computers.
PRINCIPLES

Phase-stepped speckle interferometry
In phase-stepped speckle interferometry, the raw data are a number (usually 3 or 4) of correlograms recorded by the CCD detector. They represent the spatial sampling of the interference field between a uniform complex reference wave (usually of constant real amplitude R):
and a speckled object-wave ATEM'07, JSME-MMD, Sep. [12] [13] [14] 2007 able to produce a plane image of the harmonically vibrating object under study.
In the case of a 4-step phase shifting algorithm, α is given by:
The interference field of these waves is integrated by the camera during the frame acquisition time over a large number of vibration periods and the result is given by:
In Eq. (4), ϕ o-r is the random phase difference between the uniform reference wave and the speckled object wave corresponding to a point (x, y) of the object in the equilibrium position. J 0 (ϕ v ) is the first kind, zero-th order Bessel function whose argument is the vibration-related phase given by the approximate relation:
where d is the vibration amplitude of the (x, y) point. In any speckle interferometry system based on 4-frame buckets, the four phase-stepped data fields given by Eq. (3) are used to calculate (either in real-time or during post-processing) the differences:
and:
These two orthogonal data fields may be used to compute and display the usual time-averaged fringe pattern:
They may also be considered as the real and imaginary components, in the detector plane, of a reconstructed complex wave (A is a constant):
One should be aware that any individual frame or the corresponding data fields or the interferogram itself are time-averaged, even if, as a particular case, the object is immobile during the integration time. In this case, Eq. (9) simply becomes:
Fresnel digital holography
In digital holography, the hologram is a digitally sampled image stored in the computer; the result of the physical diffraction of the reconstruction wave by the hologram is simulated by its numerically equivalent model. In the Fresnel approximation, valid if the CCD detector size is much smaller than the distance to the object, the complex object wavefront is reconstructed with the help of the recorded hologram ( )
of the object, at a distance z 0 from the hologram plane (x, y), following the approximate relation:
Common features of the two techniques
In both techniques, the reconstructed object-wave is obtained by temporal integration of Eq. (2):
Several researchers [4, 5] described different aspects related to these two techniques. What we should want to emphasize here, based on Eqs. (10) and (12), is the fact that in both techniques (phase-stepped speckle interferometry and Fresnel digital holography) one has access to the two orthogonal components (real part and imaginary part) of a complex object-wave integrated over the exposure time during the object vibration ϕ v1 . These two components will therefore be designated as: (13) In any of the aforementioned techniques, the complex wave having these components and integrated during object vibration will therefore be denoted :
Similarly, in both techniques, one may also dispose of the two orthogonal components of a complex wave describing the object into a different ϕ v2 vibrating state (or at rest), eventually in a position different from the equilibrium position of the vibrating state: (15) Hence, in both techniques the merits and drawbacks of the time-averaged method are identical. Developments may also follow common rules and results may be described using a unique formalism by identical equations.
Time-averaged fringe pattern characteristics
The time-averaged interferogram is the the norm of the complex field given by Eq. (14) or (16). It will always have the form given by Eq. (8) .
Time-averaged fringe patterns are widely known and used, either in digital holography or in speckle interferometry, for vibration measurement.
The main advantages are related to the method being simple, and providing (in real-time for the case of speckle interferometry) the full-field amplitude map as Bessel-fringes.
The main difficulties are the contrast decreasing with fringe order, the speckle noise and the fact that the phase-related argument, ϕ v2 , may not be directly evaluated in an "unwrapped" form.
The speckle noise may not be filtered directly from Eq. 15), is useless, since the useful signal J 0 (ϕ v ) is completely covered by the multiplicative high-frequency noise, cos(ϕ o-r ) or sin(ϕ o-r ). But a significant speckle reduction, as well as other measurement capabilities, may be obtained by considering different possible combinations between the complex waves described by Eqs. (14) and (16).
PHASE DIFFERENCE BETWEEN TWO VI-BRATING STATES
General case of orthogonal difference data fields
The new orthogonal data fields may be calculated from Eqs. (13) and (15) by using the formulae:
The result is:
The norm of the complex wave having these two orthogonal components is given by: (I 0 is the image of the object) and its phase is:
The picture showed in Fig. 1 In practice, it is rather improbable to meet the general case described by Eqs. (18). Most often, either ∆ϕ o-r is zero, or ϕ v1 is zero, or both of them. Other particular cases are also interesting, such as, for example, ϕ v2 = ϕ v1 .
Such particular cases were often described in the literature [6] - [11] , but sometimes in a rather confusing way, especially when they were associated with digital holography.
A first particular case of data fields
The most important particular case is represented by the complex waves obtained from two holograms: one without vibration, and the second one with vibration ϕ v1 and eventually a supplementary static term ∆ϕ o-r .
In this case Eqs. (18) become: (21) The norm of the complex wave having these two orthogonal components is given by:
and its phase is:
The picture showed in Fig. 4 presents the fringe pattern described by Eq. (23), with and without compensation of
Quasi-binary fringe patterns like that presented in Fig.  4 are obtained through an identical procedure in all holographic techniques, be it analog or digital holography or speckle interferometry. Quasi-binary fringes correspond to regions of constant sign of the Bessel function J 0 (ϕ v ). They have a much greater contrast than time-average fringes and are twice less dense, which may be useful in counting fringes in dense patterns.
Although the quasi-binary phase fringe patterns have been described in [12] as early as 2000, only recently the time-averaged hologram having the same orthogonal components were discussed, in [13, 14] . These fringes may greately reduce the usual difficulties, related to speckle noise, contrast and spatial resolution, encountered when coping with time-averaged fringe patterns.
The orthogonal components of the improved type of time-averaged hologram are given by Eq. (21). The equation (22) describing the time-averaged hologram is identical to the "classical" one, Eq. (8) . Even the pixel values are identical everywhere.
The greatest difference of these components with respect to those of the "classical" time-averaged hologram, given by Eq. (15), is the fact that the cosine and sine factors of the very high spatial frequency (ϕ o-r +∆ϕ o-r ) have been replaced by the sine and cosine of the (usually) very low spatial frequency (∆ϕ o-r ). Thus, the two factors sin∆ϕ o-r and cos∆ϕ o-r appearing in Eqs. (21) are not covering any more the Bessel function of the deterministic phase J 0 (ϕ v1 ). Each of the orthogonal components may be low-pass filtered, then the true time-averaged hologram reconstructed. The term "true" is meant to emphasize the noise free aspect of the fringe pattern.
The results, some of them shown in Fig. 5 , are spectacular. The central lines of all dark fringes in the denoised time-averaged hologram may now be detected with subpixel resolution, as shown in [14] .
Estimation of vibration-related phase
The high precision skeletons of dark fringes may be indexed, then given values that correspond to the values of the zeros of the Bessel function. Between any such lines of known values, one may find the center line of the bright fringe and give it the value that corresponds to the known order. The time-averaged hologram is thus divided in regions where the Bessel function is strictly monotonic, so it may be inversed. The procedure has a result similar to phase unwrapping: the complete, full-field vibration amplitude map. The Bessel function may be inversed independently on each such region, as shown in Fig. 6. 
A second particular case of data fields
The second particular case was not chosen, like the first one, because of its importance but rather because it is also related to the zeros of the Bessel fringes. The complex waves implied are identical: they both come from a vibrating object. The amplitude and phase are identical in both states.
In this situation, one has:
Eqs. (17) now provide:
In fact, the digitizing errors, the finite extent over which a pixel integrates light and the existence of speckles are responsable for the fact that the data field S is not exactly zero everywhere: it may have values very close to zero, positive or negative.
The C data field may have only positive values, but these values are very close to zero in the central part of the dark fringes.
(26)
The phase difference ∆ϕ 12 is calculated according to:
so for some of the points close to the center of a dark Bessel fringe and for some other, For most of the points which are not very close to the center of a dark fringe, ∆ϕ 12 = 0.
That makes the aspect of the phase difference between these two identical vibration states have the aspect shown in Fig. 7 ; some authors called it [8, 9] the effect of the zero-crossing phase.
CONCLUSIONS
Starting from a brief analysis of vibration measurement by speckle interferometry and digital holography, it is found that in both techniques the results of time-averaging may be put in identical forms. The same applies for developing procedures aiming at speckle reduction and the complete quantitative processing of time-averaged holograms. In both techniques one has at his disposal two orthogonal data fields of a complex wave. The unitary approach has then been used to present the general case of using the two pairs of orthogonal data fields corresponding to different states of vibration of the object, eventually with a static phase difference which may be due to environmental factors or to a static deformation.
Two particular cases were also presented. The first one concerns the analysis and benefits of using the data fields for the vibrating object and the non-vibrating object. The second case represents the object vibrating identically in both states and tries to give a correct explanation to the particular fringe pattern developed.
Some of the useful properties discussed in the paper go in directions close to those pointed out by other authors ( [5] , [15] ).
